Purpose Objective evaluation of both antero-posterior translation and rotatory laxity of the knee remains a target to be accomplished. This is true for both preoperative planning and postoperative assessment of different ACL reconstruction emerging techniques. The ideal measurement tool should be simple, accurate and reproducible, while enabling to assess both ''anatomy'' and ''function'' during the same examination. The purpose of this study is to evaluate the clinical effectiveness of a new in-housedeveloped testing device, the so-called Porto-knee testing device (PKTD). The PKTD is aimed to be used on the evaluation of both antero-posterior and rotatory laxity of the knee during MRI exams. Methods Between 2008 and 2010, 33 patients with ACLdeficient knees were enrolled for the purpose of this study. All patients were evaluated in the office and under anesthesia with Lachman test, lateral pivot-shift test and anterior drawer test. All cases were studied preoperatively with KT-1000 and MRI with PKTD, and examinations performed by independent observers blinded for clinical evaluation. During MRI, we have used a PKTD that applies antero-posterior translation and permits free tibial rotation through a standardized pressure (46.7 kPa) in the proximal posterior region of the leg. Measurements were taken for both knees and comparing side-to-side. Five patients with partial ruptures were excluded from the group of 33. Results For the 28 remaining patients, 3 women and 25 men, with mean age of 33.4 ± 9.4 years, 13 left and 15 right knees were tested. No significant correlation was noticed for Lachman test and PKTD results (n.s.). Pivot-shift had a strong positive correlation with the difference in anterior translation registered in lateral and medial tibia plateaus of injured knees (cor. coefficient = 0.80; p \ 0.05), and with the difference in this parameter as compared to side-to-side (cor. coefficient = 0.83; p \0.05). Considering the KT-1000 difference between injured and healthy knees, a very strong positive correlation was found for side-to-side difference in medial (cor. coefficient = 0.73; p \ 0.05) and lateral (cor. coefficient = 0.5; p \ 0.05) tibial plateau displacement using PKTD. Conclusion The PKTD proved to be a reliable tool in assessment of antero-posterior translation (comparing with KT-1000) and rotatory laxity (compared with lateral pivotshift under anesthesia) of the ACL-deficient knee during MRI examination. Level of evidence Therapeutic studies, Level IV.
evaluation of both antero-posterior and rotatory laxity of the knee during MRI exams. Methods Between 2008 and 2010, 33 patients with ACLdeficient knees were enrolled for the purpose of this study. All patients were evaluated in the office and under anesthesia with Lachman test, lateral pivot-shift test and anterior drawer test. All cases were studied preoperatively with KT-1000 and MRI with PKTD, and examinations performed by independent observers blinded for clinical evaluation. During MRI, we have used a PKTD that applies antero-posterior translation and permits free tibial rotation through a standardized pressure (46.7 kPa) in the proximal posterior region of the leg. Measurements were taken for both knees and comparing side-to-side. Five patients with partial ruptures were excluded from the group of 33. Results For the 28 remaining patients, 3 women and 25 men, with mean age of 33.4 ± 9.4 years, 13 left and 15 right knees were tested. No significant correlation was noticed for Lachman test and PKTD results (n.s.). Pivot-shift had a strong positive correlation with the difference in anterior translation registered in lateral and medial tibia plateaus of injured knees (cor. coefficient = 0.80; p \ 0.05), and with the difference in this parameter as compared to side-to-side (cor. coefficient = 0.83; p \0.05). Considering the KT-1000 difference between injured and healthy knees, a very strong positive correlation was found for side-to-side difference in medial (cor. coefficient = 0.73; p \ 0.05) and lateral (cor. coefficient = 0.5; p \ 0.05) tibial plateau displacement using PKTD. Conclusion The PKTD proved to be a reliable tool in assessment of antero-posterior translation (comparing with KT-1000) and rotatory laxity (compared with lateral pivotshift under anesthesia) of the ACL-deficient knee during MRI examination. Level of evidence Therapeutic studies, Level IV.
Introduction
New technical approaches have been developed to improve the results of single-or double-bundle ACL reconstruction [17, 20] . Nowadays, patients have higher expectations, and surgeon's goal remains restoring native anatomy and function of the knee and preventing future development of arthritis. However, comparing the results of ''standard'' ACL single-bundle reconstruction with more anatomic double-bundle reconstruction has proven to be a difficult task [20] and must not rely alone on the subjective clinical evaluation by any manual procedure.
Manual examinations are influenced by surgeon's training [2] , and although the pivot-shift test is a better predictor of clinical outcomes as compared to any uniplanar examination procedure, the Lachman test remains the most commonly used [3, 11, 12] .
Nevertheless, the limitations of the pivot-shift test, particularly in an awake patient, must be considered.
In total agreement with the statement of Irrganng et al. [8] , the authors firmly believe that a simple clinically applicable tool, similar to the KT-1000 arthrometer can be developed and used to quantify rotational laxity of the knee.
Since the first report [4] , the KT-1000 arthrometer (Medmetric, San Diego, CA, USA) is the most widely used knee ligament testing system because it is user-friendly and still remains the reference instrument against which new devices have been tested [26] . However, this is an operatordependent device, which does not measure rotation and has also been associated with false-negative results and questionable reproducibility [1, 10] .
Thus, the ideal tool to evaluate the knee should be a mean to assess both the ''anatomy'' and the ''function'' in the same examination. In order to improve the diagnostic capacity and the way we measure the outcome of ACL reconstruction, a new method was developed using the Porto-knee testing device (PKTD) with measurements performed between bony landmarks.
The purpose of this study is to evaluate the effectiveness of the PKTD to measure antero-posterior and rotatory laxity of the knee during MRI examination. Our hypothesis is that the difference between anterior tibial translations measured in lateral and medial compartment during MRI with PKTD would reflect the results of pivot-shift test in the anesthetized patient.
Thirty-three patients with complaints of unilateral knee instability with suspicion of ACL rupture after clinical evaluation were referred to MRI and randomly selected for evaluation with PKTD at radiology department admission.
Materials and methods
For the period comprised between 2008 and 2010, 33 patients with complaints of knee instability with signs and symptoms of unilateral ACL rupture were referred to magnetic resonance imaging (MRI) and randomly selected for evaluation with the Porto-knee testing device (PKTD) at radiology department admission. The patients were clinically evaluated at consultation by the senior author (J. E-M). Evaluation was performed using an MRI device (GE Healthcare Signa, USA) operating at 1.5 Tesla field strength in T1-and T2-weighted sequences, including short inversion time inversion recovery (STIR), fat saturation (FatSat) and 3D spoiled gradient recalled (SPGR) reconstruction sequences. PKTD was applied in healthy and injured knees of all patients.
All data from PKTD (including classification of total or partial rupture) were kept confidential until postoperative consultation. Only standard MRI protocol images of injured knee were provided to the surgical team.
Every patient was evaluated preoperatively with KT-1000 arthrometer by an investigator independent of surgical team.
A second clinical evaluation, now under anesthesia, was performed by the same surgeon (J. E-M), blinded to PKTD results, according to our standard protocol evaluation for all ACL repairs. This includes the following maneuvers: Lachman test [11] at 258 flexion; Pivot-shift phenomenon [13] evaluated according to Hughston's Jerk test [7] ; anterior drawer at 708 with foot in neutral, maximal internal and maximal external rotation. Each was graded from 0 to 3? using International Knee Document Committee criteria, and then results were registered.
During arthroscopy, ACL ruptures were classified as total, anteromedial (AM)-bundle or posterolateral (PL)-bundle ruptures.
Inclusion criteria were as follows: unilateral knee laxity sensation, more than 6 months of lesion and total rupture confirmed during arthroscopy.
Exclusion criteria were previous ACL reconstruction, partial ACL rupture (arthroscopy), and other knee ligaments-associated lesion. Body mass index and meniscus status were also registered.
The study was approved by the Institutional Ethical Committee at the Saúde Atlântica F.C. Porto Sports Center. Standard informed consent was obtained for every patient.
PKTD evaluation protocol
The PKTD is a knee laxity testing device for measurement of antero-posterior tibial translation and internal rotation of the tibia during the MRI examination ( Fig. 1) .
PKTD is made of polyurethane, allowing it to be used during MRI scans, in positions in which the knee is placed under stress caused by the inflation of cuffs that have a standardized pressure of 46.7 kPa applied in the posterior proximal calf region, which refers to the load applied per unit area.
Although the PKTD can now be adjusted to different degrees of knee flexion and different degrees of external/ internal rotation inflected by the footplate, all exams herein described were performed at 308 of flexion in neutral position. The foot rests in the plantigrade position and initial ''neutral'' rotation; initial foot positioning is determined in each case by dorsiflexion of the ankle (locking effect of talus in ankle mortise); further rotation during pressure application is not restricted. The measurements are determined using two sets of MRI images with 1 mm spacing, one without (at rest, Fig. 1a ) and another with the application of pressure and 3D SPGR sequences (Fig. 1b) . Both injured and healthy knees were evaluated.
The measurement (in mm) is performed using a line perpendicular to the tibial slope crossing the most posterior point of the tibial plateau and its distance to a parallel line crossing the most posterior point of the femoral condyle as also described by Tashiro et al. [31] . This process is repeated without and with pressure for medial and lateral compartments identifying the same points as bony landmarks. The difference in each of the two points of measurement is calculated between the two sets (without and with pressure) obtaining the anterior translation, in millimeters, for medial and lateral tibial plateaus: MPT, medial plateau translation; LPT, lateral plateau translation (Fig. 2) . Similar procedure was performed for healthy and injured knees.
Besides MPT and LPT, the difference between LPT and MPT (LPT -MPT) was calculated. The LPT -MPT reflects the increased translation of lateral tibia condyle associated with rotatory laxity. The registered differences between injured and healthy knees (side-to-side comparison) for MPT, LPT and LPT -MPT were also used as independent variables in order to assess the difference in behavior between stable and ACL-deficient knees (Dif. MPT, Dif. LPT and Dif. LPT -MPT).
Statistical analysis
The statistical analysis was performed by means of using the commercial SPSS software (IBM SPSS Statistics ver. 20.0; IBM, USA).
The Mann-Whitney U test was used to compare continuous data between the two groups. When the categorical variable has more than two non-ordered groups, the Kruskal-Wallis test was used instead. In order to assess the linear correlation between two variables, the Spearman's rho correlation coefficient was computed along with its significance. When there is no relation between the values of one of the variables, the Pearson correlation was tested for significance.
The Chi-square was used to analyze two categorical variables without order between the categories.
The cut-points were computed maximizing the specificity and sensitivity of the target variable regarding a factor (e.g., Lachman 0 and ? against Lachman ?? and ???) using the ROC curve coordinates. Statistical significance was set at p \ 0.05.
Results
From the 33 selected patients, five were excluded from this study after MRI-PKTD evaluation once they were classified as partial ruptures (three as PL-bundle and two as AMbundle ruptures). This classification was confirmed during arthroscopy for all the cases.
For the 28 remaining patients, 3 women and 25 men, with a mean age of 33.4 ± 9.4 years, 13 left and 15 right knees were tested. Mean for height was 1.77 m Figure 3 shows the KT-1000 difference between injured and healthy knees. The mean KT-1000 result for healthy knee was 5.1 mm (SD = 0.6), and for injured knee, it was 10.5 mm (SD = 1.9). KT-1000 difference between injured and healthy knees was 3 or higher in all with a mean of 5.4 mm (SD = 1.9).
The results for clinical examination maneuvers under anesthesia are summarized in Table 1. Table 2 summarizes the MRI-PKTD evaluation for healthy and injured knees considering medial plateau translation (MPT), lateral plateau translation (LPT) and difference between lateral and medial plateau translations (LPT -MPT). Table 3 presents the registered differences between injured and healthy knees (side-to-side comparison) for MPT, LPT and LPT -MPT. Table 4 summarizes the correlation between Considering the KT-1000 difference between injured and healthy knees, a very strong positive correlation was found for Dif. MPT and Dif. LPT, but not for Dif. LPT -MPT (cor. coefficient = 0.08) (n.s.). The threshold value-based KT-1000 difference between injured and healthy knees (0-5 vs. C6) for Dif. MPT is 4.5 mm, and for Dif. LPT, it is 7.5 mm.
Body mass index had a negative correlation with Dif. LPT -MPT, but no other significant correlation with PKTD values, manual tests or KT-1000 evaluation was found. Statistical significance was obtained for Dif. LPT -MPT and weight, but not for height (n.s.).
Gender did not statistically influence Lachman or pivotshift test (Pearson test; n.s.). By its turn, gender also has no influence on KT-1000 or Dif. LPT -MPT (Mann-Whitney test; n.s.). No significant influence of associated meniscus injury could be established for manual tests, KT-1000 or PKTD results (n.s.).
Discussion
The most important finding of the present study is that the PKTD proved to be as reliable as KT-1000 in assessing antero-posterior translation. The PKTD also showed to be as feasible as lateral pivot-shift for quantification of MPT, LPT and LPT -MPT were used as independent variables to determine the difference in behavior between stable and ACL-deficient knees (Dif. MPT, Dif. LPT and Dif. LPT -MPT) rotation (evaluation under anesthesia). A limitation of static laxity measurement devices is the unknown starting position of rotation. This is also a drawback to consider in the present study since starting position was based on ankle mortise, a maneuver that cannot be considered precise or reproducible. However, the advantage of PKTD is the ability to evaluate the knee at any angle of rotation between internal maximum and external maximum. Future study is planned to compare results of foot in neutral without rotational restriction (as herein reported) with forced maximum external and internal rotation during anteroposterior load transmission using the PKTD. The patients were clinically evaluated by a single examiner, and inherent bias might be considered. However, this reflects the standard operating procedure established within our group (all cases are evaluated under anesthesia by responsible surgeon). This protocol was chosen to minimize bias throughout the study.
Okazaki et al. [23] quantified the anterolateral rotational laxity of ACL-deficient knees by pivot-shift test in open MRI. Using the same method, Tashiro et al. [31] demonstrated that side-to-side differences in anterolateral tibial translation correlates with clinical grade of pivot-shift test and stress radiography, but not with KT-2000 arthrometry (n = 20). The threshold value was established as 3.0 mm, which can be considered in line with the results herein described (threshold level for Dif. LPT -MPT is 3.5 mm). Using also the aforementioned method, Izawa et al. [9] reported better rotatory stability of anatomic double-bundle reconstruction as compared to single-bundle reconstruction. However, open MRI devices are not routinely available in most knee surgery centers, and despite that intra-and inter-observer reproducibility have been reported, the method requires availability of a trained surgeon capable of executing pivot-shift test during MRI. On the other hand, it has also been demonstrated that mechanized pivot-shift achieves greater accuracy than manual testing [21] .
Several other methods have been proposed [2, 25] aiming to quantify rotational laxity in an objective and reliable method including robotics [34] , navigation (computer-assisted) [35] , radiostereometric analysis [30] , stress radiographies [27] or several arthrometers [2, 3, 14, 15, 19, 24, 26, 32] reflecting the growing consensus around the need to describe objectively the rotational behavior of knee joint for diagnostic purposes, detecting risk factors or controlling surgical outcomes.
Our study failed to demonstrate significant correlation between Lachman test and the difference in tibial translation registered between lateral and medial compartment comparing side-to-side or considering the injured knee alone. This reinforces that Lachman test, considered for long time the benchmark to assess success in ACL repair, is not suitable for the present clinical needs.
Concerning the lateral pivot-shift test, a strong positive correlation was noticed between a higher grade and the difference between medial and lateral tibial translation of ACL-deficient knees (threshold level for 2?/3? is 3.5 mm). Because of this positive correlation, rotatory laxity can be assessed utilizing the PKTD. Considering side-to-side differences, similar correlations were achieved for the difference in lateral translation and differential between lateral and medial translations. Surprisingly, a negative correlation near statistical significance was noticed for side-to-side difference in medial compartment anterior displacement. This might reflect that some restriction in freedom of motion in medial compartment increases the pivot-shift phenomenon and thus should be addressed in future investigation.
For KT-1000 side-to-side difference, a strong positive correlation was registered for side-to-side difference in the amount of translation either in medial or in lateral compartment. However, if the difference in translation in lateral and medial compartments (which somewhat reflects rotation) is considered, the results are not statistical significant. This is also in line with the concept that KT-1000 is a valuable tool to assess antero-posterior laxity, but not rotation.
Neither gender nor meniscus injury demonstrated influence in results of clinical maneuvers, KT-1000 or PKTD. Although, sample size and study design do not allow us to reach further conclusions with respect to this subject.
The inverse correlation of BMI and weight with side-toside comparison of rotation (Dif. LPT -MPT) highlights the fact that higher weight and BMI index might increase difficulties in assessment of lateral pivot-shift either manually or using mechanized methods. This issue should be considered for subsequent improvements of devices. One should not only standardize and control load transmission, but probably also adapt it accordingly.
Partial ACL ruptures [22, 29] , which are difficult to recognize by preoperative MRI [33] , are of great interest. Despite being considered out of the scope of this study, the five cases in our initial group identified with isolated AM or PL bundle were correctly identified (in concordance with arthroscopic findings) using MRI with PKTD. Its unique feature of combining anatomical and dynamic evaluation might improve the effectiveness of radiologists to detect and evaluate partial lesions in MRI. By means of inducing ACL tension during the exam, it is possible not only to observe the mechanical behavior of partial ruptures [16, 28] , but also to enhance the visualization of ''biologic''/signal characteristics of the ruptured and remaining bundle. This important aspect requires further investigation.
PKTD might also play a future role in prevention (detecting risk factors) and/or identifying those patients presenting higher rotatory laxity and those who may require an ACL reconstruction technique, which provides higher rotational constraint (e.g., double bundle) [6] .
These data provide one further step in understanding knee kinematics, but their functional implication and the way in which they might affect ACL reconstruction are not fully achieved. ACL research demands perseverance and patience [18] although being an exciting and rewarding field. Recognizing that the application of combined internal rotation and valgus torques to the knee can more precisely recreate the anterolateral subluxation that occurs in knee joint during the pivot-shift test [5] , we do believe that foot rotation should not be restricted while applying translational force.
Conclusion
The PKTD is a useful, reliable device to quantify anteroposterior and rotatory laxity of the knee. MRI-PKTD evaluation proved to be reliable in the assessment of antero-posterior translation (comparing with KT-1000) and rotatory laxity (compared with lateral pivot-shift under anesthesia) of the ACL-deficient knee.
It might play a future role in prevention, indications for surgical versus conservative treatment, identifying partial ruptures and the status of the remaining bundle due to its unique feature of combining anatomical and dynamic ''clinical'' evaluation amplified by the high-resolution medical MRI.
